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ABSTRACT 
 
The GPS receiver on FedSat is a single antenna unit which supplied by 
NASA Jet Propulsion Laboratory (JPL) and integrated on the satellite by the 
Queensland University of Technology (QUT) and other participants in the 
Cooperative Research Centre for Satellite System. The high-level objectives, 
for the GPS receiver on the FedSat mission, are to provide an orbit 
determination capability and an attitude determination capability, whilst 
operating within strict power budget requirements. The current baseline is a 
total of 30 minutes of operation per 100-minute orbit.   
 
This paper presents the history of the attitude determination capability for 
FedSat and an outline of the antenna gain pattern tests performed for FedSat. 
These tests show the great impact that the spacecraft has on the measured 
antenna gain pattern. Extensive data collection and simulation of different 
antenna gain patterns was made using a GPS constellation simulator. The 
accuracy of the attitude determination problem results, are shown to be 
within 30 degrees for the signal to noise ratio (SNR) weighted approach and 
were improved to within 5 degrees when mapping of the SNR to elevation 
angle approach is taken. Recommendations for new improved approaches, in 
both the methodology and in the choice of antenna gain pattern are made. 
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1. INTRODUCTION 
 
The FedSat program began when Federal Science Minister, Peter McGauran, announced 
approval of the Cooperative Research Centre for Satellite Systems 1997. One of the original 
requirements of FedSat was that a GPS receiver function be implemented, and that an attitude 
solution be a realisable output from this GPS receiver.  
 
A generous offer from NASA to use one of the “new” BlackJack GPS receivers developed by 
SpectrumAstro and JPL was accepted. However, the BlackJack GPS receiver had only a 
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single antenna port and thus a multi-antenna attitude system, based on carrier phase 
measurements over known baselines (Parkinson et al. 1996), could not be implemented. A 
less accurate attitude solution based on SNR measurements was determined to be the only 
solution available to provide a low-power initial attitude alignment reference for the more 
accurate star camera. 
 
With a single GPS antenna, one can use the SNR data for three or more satellite observations 
to derive the orientation of the antenna boresight vector with respect to a reference coordinate 
system (Axelrad, 1999). Rotations of the spacecraft about this axis are not observable because 
of the symmetry of the antenna gain pattern about the boresight vector. 
 
Compared to the sub-degree accuracy achieved by using traditional multiple antenna code and 
carrier phase techniques, these single antenna SNR-based techniques are significantly less 
precise. However, they have the advantage of requiring no complicated ‘initializing’ 
procedure and require only one antenna and no specialized receiver. The use of one antenna in 
turn reduces cost, power consumption, weight and complexity.  
 
The work presented in this paper is a continuation of previous work which has been published 
in the ION GPS 2002 conference. Some of the important concepts and results from previous 
work will be briefly presented, however, for more detail and other relevant work, refer to 
(Wang et al. 2002).   
 
 
2. SINGLE-ANTENNA SNR-BASED ATTITUDE DETERMINATION  
METHODOLOGIES 
 
In the past ten years, researchers have suggested how measured SNR of a GPS signal may be 
used to estimate attitude. Two different approaches have been proposed in the development of 
single-antenna SNR-based attitude systems. Both techniques are significantly different to, and 
much less precise than, the classical multiple antenna code and carrier phase technique 
(Parkinson et al. 1996). 
 
 
2.1 Approach 1 – Sum of SNR Weighted Line-of-Sight Vector 
 
The first approach was investigated by NASA Jet Propulsion Laboratory (JPL), in June 1998. 
The estimation of the antenna boresight direction is derived by a weighted average of the 
computed line-of-sight (LOS) vectors from the satellite antenna to each GPS satellite being 
tracked. The weight is assigned based on the measured SNR value so that the satellites with 
high SNR measurements have a high weight value. The result of this investigation showed 
that when six to eight GPS satellites are being tracked, the estimated boresight differs from 
the actual boresight by no more than 15 degrees (Duncan, 1998).  
 
The process can be summarized into four simple steps; refer to (Wang et al. 2002) for more 
detailed description. 
 
1. Calculate the line-of-sight vector to each tracked satellite. 
2. Normalize the line-of-sight vectors to a unit vector. 
3. Multiply the unit vectors by the measured SNR for all observed satellites. 
4. Add SNR weighted vectors to obtain a vector sum. The vector sum is the estimate of 
antenna boresight vector. 
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2.2 Approach 2 – SNR to Elevation Mapping 
 
The second approach involves utilization of the relationship between the strengths of received 
signals and the direction-dependent antenna gain pattern. For most GPS antennas, the highest 
gain is along the boresight vector with decreasing gain down to 90º off-boresight; and 
typically the azimuthal variations are quite small. Thus, the SNR for a particular satellite 
depends strongly upon the angle between the boresight vector of the antenna and the line-of-
sight (LOS) vector from the antenna to the GPS satellite (Hashida, 1993; Axelrad, 1999).  
 
 
 
 
 
 
 
 
  
 
Figure 1. Off-boresight angle definition 
 
 
This method comprises two main steps. First, the development of a calibrated mapping 
function that converts observed SNR to off-boresight angle α. This mapping function is 
obtained by collecting a large amount of satellite SNR data with a known boresight vector. 
The variance of the mapping function for each SNR value is also computed and used as a 
weighting function as explained below. This procedure can be performed prior to the launch 
of the satellite or during satellite orbit, as long as the attitude is known from an external 
reference. 
 
Given the off-boresight and SNR data set, the mapping function is generated by grouping the 
SNR data into bins by α angle. Then for each α bin, the mean and standard deviation of SNR 
measurements is computed. 
 
With perfect mapping between SNR and α, the optimal estimate of a single spacecraft 
boresight vector b expressed in a reference frame L can be determined, by minimizing the 
following cost function with a Newton Raphson search. 
 
(1) 
 
 
where J is the cost term and is a function of estimated boresight vector. The weight for each 
observation is identified to be the inverse of the measurement varianceσ 2k . The off-boresight 
angle is labelled as α, e is the GPS LOS vector expressed in the spacecraft local level 
reference frame and Lb estimation of boresight vector expressed as a unit vector in spacecraft 
local level coordinates. 
 
The methodology summary is shown below (Axelrad, 1999): 
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1. Establish a calibration data set, with the LOS vectors, the known antenna boresight 
vector (both in a local level reference frame) and also the adjusted SNR 
observations (adjusted for distance travelled). 
2. Based on the boresight vector and LOS vectors, compute cos α for each 
observation. 
3. Group the SNR observations into bins. 
4. Compute a mapping function from SNR to α as the mean value of the α’s for each 
SNR bin; the standard deviation within the bin provides the weight. 
 
Single-Axis Attitude Estimation 
1. For any epoch, look up cos α for each observed SNR, adjusted for the GPS 
antenna pattern and space losses. 
2. Form the initial estimate of Lb  based upon the cos α value and LOS vectors in the 
reference L frame (local level) (Axelrad 1999). 
3. Use a Newton-Raphson search to find the optimal estimate of the boresight vector 
axis with respect to the reference frame, using equation (1). 
 
 
3. DATA COLLECTION ENVIRONMENTS 
 
Before the launch of FedSat, an experimental campaign was initiated to obtain some 
experience in single antenna attitude solutions. There were three different data collection 
environments used, two high multipath environments and one where multipath was reduced. 
The results for the high multipath environment can be found in (Wang et al. 2002). The 
results from the multipath-reduced environment are reproduced in this paper for comparison 
to new results. 
 
 
 
 
 
 
 
 
Figure 2. Test environment 3 with multipath reduced. 
 
 
The multipath-reduced test environment 3 (Figure 2) was on the roof of a 13 storey building 
in central business district of Brisbane, Australia. The antenna was placed on the highest point 
on the roof in an attempt to eliminate as much multipath from surrounding objects and 
buildings as possible. A spirit level was also used to ensure alignment of the boresight vector 
with the local gravity vector. In these three environments, data was collected using a Novatel 
3151R GPS receiver with Multipath Elimination Technology (MET) and a Novatel 501 
antenna. 
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The conclusions of Axelrad (1999) showed that there was a strong influence of multipath on 
the mapping function. Also, the antenna gain patterns, SNR bin size, number of satellites in 
view and PDOP value have a strong influence on the accuracy of these two SNR based 
attitude approaches.  
 
It was decided to use the WelNavigate GS-720 GPS constellation simulator to analyse the 
performance of these two methods in a totally multipath free environment and also to assess 
different antenna designs on the method.  
 
The GS-720 is a complete hardware and software package developed by WelNavigate Inc. It 
provides a RF simulation environment for a GPS receiver (Welnavigate, 2003). Some of the 
important features used in the simulation scenario include the ability to turn on/off the 
multipath and simulate a user entered 47 dB antenna attenuation profile in ±0.5 dB increments.  
 
Figure 3 is a representation of antenna gain profile created in the WelNavigate simulator. The 
x axis represents the elevation angle range from 0 to 90 degrees and the y axis is the 
attenuation that will apply to the received signal. This antenna profile is created so that for 
every 5º decrease in elevation angle, an extra 1dB attenuation will be imposed on the signal. 
Thus, the range for maximum and minimum signal attenuation is 17 dB. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Antenna Attenuation Profile for Simulator 
 
 
4. ATTITUDE SOLUTION USING APPROACH 1 
 
For environment 3, the mean and standard deviation (STD) for error in elevation and azimuth 
estimates are -7.4, ±9.8 and 5.1, ±7.1 respectively. Despite the low multipath effect present in 
environment 3, several sudden changes of estimated accuracy by 5 to 10 degrees in both 
elevation and azimuth are noted (Figure 4). As suggested by previous researchers, this 
approach greatly depends on geometry of GPS constellation, thus position dilution of 
precision (PDOP) value is computed to validate the effect of geometry on the accuracy of 
estimated attitude.  
 
The PDOP is a dimensionless number indicating how the difference in geometry dictated by 
the GPS satellites magnifies the positioning error. As the number of observed satellites 
changes, PDOP value will change dramatically.  
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It can be clearly seen from Figure 4, any dramatic change in estimated attitude accuracy is 
linked to a change in PDOP value. It is also noted that during the period where there is no 
change in observed satellites, the attitude accuracy tends to steadily climb or decline. The 
implication of this is that geometry has a stronger influence on the attitude solution than 
multipath errors. 
 
 
Figure 4. Error in elevation and azimuth angle and PDOP (Environment 3) 
 
 
 
Figure 5. Error in elevation and azimuth angle and PDOP (Simulator Environment) 
 
 
The attitude error shown in Figure 5 is for the simulator environment and is slightly worse 
than the accuracy achieved in test environment 3. The mean and STD error in elevation and 
azimuth estimate are -5.2, ±12.4 and 7.3, ±8.97 respectively. From the PDOP plot in Figure 5, 
it can be seen that the geometry available is worse than the geometry present in environment 3. 
Thus, the slightly reduced accuracy is due to poorer GPS geometry. The conclusion is that, 
multipath does not influence the attitude accuracy as much as geometry does. 
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5. ATTITUDE SOLUTION USING APPROACH 2 
 
 
Figure 6. SNR vs Elevation model  Figure 7. SNR vs Elevation model 
for environment 3       for simulator 
 
Figures 6 and 7 show an analysis of the variation in observed SNR for satellite elevation angle 
with respect to reference frame for all measurements made, at all azimuths, in environment 3 
and on the simulator. The differences in data quality are very obvious in these two graphs. 
The simulator environment shows a much smaller spread of SNR value for each elevation bin 
collected. As for the line labelled as A in Figure 6, a SNR measurement of 44dB will have a 
potential elevation angle solution ranging from 10 to 60 degrees. In the simulator environment, 
the errors in mapping from SNR to elevation are reduced to 10º to 15º. Consider line labelled 
as B in Figure 7, the result is much improved showing an elevation angle ranging from 55 to 
70 degrees for a 44dB SNR measurement.  
 
 
 
Figure 8. Estimated off-boresight and azimuth angle for SNR to elevation mapping approach 
(Environment 3) 
B
A
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Figure 9. Estimated off-boresight and azimuth angle for SNR to elevation mapping approach 
(Simulator Environment) 
 
 
Figure 8 shows the actual, mean and STD boresight estimation error for environment 3, the 
data used is the same as the data set used for SNR to α mapping calibration. From Figure 8, 
the mean and STD value for boresight error are 0.2º and ±9.8º respectively and the maximum 
error is situated at 27º. This is very similar to the accuracy achieved by approach 1.  
 
From Figure 9, the simulator environment, the mean and STD value for boresight error are 
0.8º and ±5.1º respectively. This result shows a great improvement from the accuracy 
achieved in environment 3 (Figure 8).  
 
The high errors for azimuth estimation in both environments are spread across all 360º and are 
due to the upward pointing antenna setup. As seen from Figure 10, any slight change in X and 
Y components will have a huge impact on azimuth estimation. 
 
 
 
 
 
  
 
 
 
 
 
Figure 10. Antenna Azimuth Estimation Error 
 
 
5.1 Discussion on Attitude Solution using Approach 2 
 
From Figures 8 and 9, the patterns of error in boresight estimation are very different to the 
pattern experienced in Approach 1. The error in Approach 1, both elevation and azimuth 
(Figures 4 and 5) tend to offset the actual boresight vector and slowly improve or decline as 
time progresses. In the case of Approach 2 (Figures 8 and 9), the error is centred and 
oscillates about the true boresight value.  
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One way to improve the accuracy of Approach 2 is to apply a low-pass filter. Since the errors 
are centred about the mean axis, a low pass filter will remove the high frequency noise and 
hence smooth the attitude prediction and improve the estimation. 
 
 
Figure 11. Filtered off-boresight and azimuth angle estimation for SNR to elevation mapping 
approach (Environment 3) 
 
 
 
Figure 12. Filtered off-boresight and azimuth angle estimation for SNR to elevation mapping 
approach (Simulator Environment) 
 
Figures 11 and 12 are produced using a Chebyshev type II low-pass filter and the results show 
an improvement in both the mean and the maximum error values. This filtering strategy 
provides a quick and simple way to improve the result of the raw attitude estimation. 
However, the Chebyshev filter used does not correspond to any known vehicle dynamics and 
thus could be filtering actual changes in the vehicle attitude. A well designed Kalman filter is 
thus suggested for future work. 
 
 
6. THE FEDSAT ANTENNA CONFIGURATION 
 
As previously discussed, the accuracy of the two attitude approaches is strongly dependent on 
the good knowledge of the antenna gain pattern. Thus, the antenna used on FedSat S67-1575-
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14 was tested on the 22nd to 24th of May 2002 to carefully measure the impact of FedSat on 
the published antenna pattern. These tests were conducted by Telecommunications and 
Industrial Physics (CTIP) at the Commonwealth Scientific & Industrial Research 
Organisation (CSIRO) radio physics laboratory in Mansfield, Sydney. 
 
FedSat’s antenna is mounted on the negative velocity vector face of the spacecraft. It is also 
mounted in one corner of the spacecraft as shown in Figure 13. An analysis was conducted to 
determine the impact of this location on the gain pattern profile of the antenna. 
 
   
Figure 13. FedSat GPS antenna mounting configuration with magnetometer boom stored. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Published antenna gain pattern for Sensor Systems S67-1575-14 
 
 
The antenna is the Sensor Systems S67-1575-14 and the published antenna gain pattern is 
shown in Figure 14. A mock-up model of FedSat was constructed (called TinSat) to which the 
flight antenna was mounted. TinSat was then placed on a calibrated antenna test range (Figure 
15) at CSIRO in Sydney, Australia. 
 
The range control computer recorded the gain, phase and azimuth angle measurements to a 
series of files at 0.5 degree intervals.  The scans were automated, and began at an azimuth of 
310 degrees, and rotated around to 50 degrees as shown in Figure 15. By this convention; the 
antenna boresight vector is at 180° azimuth for the range turntable. Each scan took 
approximately 3 minutes. 
 
GPS Antenna 
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Figure 15. Layout of antenna range test configuration for "TinSat" 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Definition of TinSat antenna plane slices 
 
Four planes were cut through the TinSat model and these are defined in Figure 16. The 
second black circle in this Figure, beside the GPS antenna corresponds to the piece of white 
tape seen in Figure 15. The results of these antenna gain measurements are seen in Figure 17 
through to 20. 
 
  
Figure 17. L1, Left to Right, 270° to 90° slice       Figure 18. L1, Left to Right, 225° to 45° slice 
   (as per Figure 16) 180° on this figure is the          (as per Figure 16) 180° on this figure is the  
                 antenna boresight vector.               antenna boresight vector 
i 
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Figure 19. L1, Left to Right, 180° to 0° slice        Figure 20. L1, Left to Right, 135° to 315° slice 
   (as per Figure 16) 180° on this figure is the            (as per Figure 16) 180° on this figure is the  
                 antenna boresight vector.              antenna boresight vector 
 
 
7. DISCUSSION OF THE FEDSAT ANTENNA GAIN PATTERN 
 
From the previous discussion, it has been seen that the basic assumption for the use of two 
SNR based attitude systems is that the gain pattern of the antenna reduces monotonically as a 
function of off-boresight angle. An ideal gain pattern will provide the correct weighting 
values for Approach 1. In Approach 2, estimation error is mostly influenced by the error in 
mapping from SNR to elevation. Thus, a carefully chosen gain pattern will not only reduce 
the error in mapping, also provide an unambiguous mapping solution. 
 
If consideration is made of Figures 17 to 20, it is observe that the assumption that gain pattern 
reduces monotonically as a function of off-boresight angle, is not true for the measured 
FedSat flight antenna. Consider Figure 18, which is the plane 225° to 45° (Left to Right) as 
depicted in Figure 16. The antenna test range azimuth angle of 180º corresponds to the 
antenna boresight vector. At an elevation angle of 30º in Figure 18 (circle labelled as i), the 
gain at this elevation angle is more than the gain at the boresight vector of the antenna (90º 
elevation, 180º range azimuth). 
 
 
  
 
 
 
 
 
 
 
 
Figure 21. 3D Representation of FedSat antenna gain pattern, view from pitch 38º, yaw 250º 
 PAPER 25 (peer-reviewed)  13 
 
 
It is observed that due to the offset location of the antenna, on the negative velocity plane of 
FedSat, there has been a great modification to the published antenna gain pattern of the 
Sensor Systems S67-1575-14 as seen in Figure 14.  
 
Figure 21 shows a three-dimensional representation of the distortion of the antenna gain 
pattern at low elevation angles for signals propagating across the negative velocity vector face 
of FedSat. 
 
 
8. INITIAL FEDSAT DATA ANALYSIS AND ATTITUDE ESTIMATION 
 
On 14, December, 2002, Japan's National Space Development Agency launched FedSat from 
the Tanegashima Space Centre in southern Japan. The ground station at the UniSA Mawson 
Lakes Campus is now the Mission Operations Centre for the FedSat project. During the first 
FedSat pass over Adelaide, midnight 15th December, 2002, ground station successfully tele-
commanded FedSat and the onboard transmitter was successfully turned on. Over the next 4 
days, the ground station was able to make contact with FedSat 16 times as it passes within 
communication range. These ‘pass-bys’ occur 4 times a day and last about 8 to 10 minutes.  
 
During the period 30 to 31, December, 2002, navigation data from approximately 16 FedSat 
pass-bys were downloaded and processed to analyse and evaluate the attitude estimation 
approach developed.  
 
Figure 22 shows the estimated pitch and roll angle for FedSat using the first approach. X-axis 
is time starting from 30, December, 2002, and 1:05:03 to 31, December, 2002, and 0:50:40. 
Y-axis is the estimated pitch and roll angle for FedSat’s negative velocity pointing antenna. 
Note that there are some empty gaps between attitude estimate solutions; this is due to the fact 
that the FedSat receiver is only on for 30 minutes per 100 minute orbit. 
 
 
Figure 22. Pitch and Roll estimation for FedSat using data from 30 to 31, December, 2002. 
 
As the FedSat attitude control system (ACS) was working properly after the launch, FedSat is 
considered to be travelling in a stable state in space. The pitch and the roll estimate for FedSat 
using the first approach shown in Figure 22 are very inaccurate.  The maximum and minimum 
pitch and roll error are +20º, -60º and +40º, -50º respectively.  
 
These enormous errors are caused by several factors. Firstly, bad geometry available during 
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the operation, this is caused by the backward pointing antenna which results in limited 
number of available satellites. The signals received from some GPS satellites are bent around 
Earth’s surface, thus measured SNR value are much reduced and this SNR reduction 
corrupted antenna gain model. The FedSat antenna gain pattern does not decrease 
monotonically with increase in off-boresight angle. Hence, the uses of SNR measurement as 
weighting value is not accurate. Finally, during the period when data was taken, the ACS has 
±6º in error for the first few minutes after it was turned on, thus the actual error in attitude 
estimation is unknown. Errors in the three-axis attitude, caused by ACS, are shown is Figures 
23 and 24. 
 
 
 
Figure 23. Error in FedSat attitude measured by ACS on 30 and 31, Dec, 2002 (degrees vs. time) 
 
 
 
Figure 24. Error in FedSat attitude measured by ACS on one pass (degrees vs. time) 
 
 
9. SUMMARY AND CONCLUSIONS 
 
This analysis was initiated to determine an approach for single antenna attitude determination 
for FedSat. During the analysis, two SNR-based approaches were developed and evaluated. 
The accuracy achieved by the first approach is greatly dependent on the geometry of GPS 
constellation and quality of SNR measurement, achievable accuracy is in the range of ±30º.  
 
The second approach, SNR to elevation mapping, can achieve a better accuracy depending on 
the quality of mapping function, that is for a SNR measurement, potential elevation result 
range must be small. Other influential factors include antenna gain pattern, quality of SNR 
data, choice of elevation bin size, total number of satellites in view and the computed PDOP 
value. In an ideal environment, achieved by using the WelNavigate simulator, the accuracy of 
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±5º is achievable. With additional filtering strategies, such as simple low-pass Kalman filter, a 
much more smooth and accurate result can be estimated to within few degrees.  
 
The gain pattern of the sensor systems used on FedSat is severely affected by the positioning 
of the antenna on the corner of the spacecraft. This distorted gain pattern, as the gain does not 
decrease for decreasing elevation angle, will introduce a large error in attitude estimation. 
Hence these two approaches are not suitable for FedSat attitude determination requirements. 
 
 
10. RECOMMENDATIONS AND FUTURE WORK 
 
Given the poor accuracy that is likely to be achieved by two SNR based approaches, other 
new approaches are required for the FedSat mission. 
 
One concept that will be explored for implementation will be to make use of the spherical 
model of the antenna gain pattern measured (Figure 21). An algorithm will be developed that 
iterates the orientation of the antenna gain model through a range of possible attitude 
solutions. This algorithm then attempts to adjust the orientation of the antenna spherical 
model via a least squares type adjustment to minimise the difference between the weighted 
line-of-sight vectors, with the spherical model of the antenna gain pattern. With this type of 
approach, yaw angle information could potentially be obtained, due to the variation in the 
antenna gain pattern not only in elevation, but also in azimuth. 
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